Background: There is a growing emphasis on the speed of diagnosis as an aspect of cancer prognosis. While epidemiological data in the last decade have quantified diagnostic timeliness and its variation, whether and how often prolonged diagnostic intervals can be considered avoidable is unknown. Methods: We used data from the English National Cancer Diagnosis Audit (NCDA) on 17,042 patients diagnosed with cancer in 2014. Participating primary care physicians were asked to identify delays in diagnosis that they deemed avoidable, together with the 'setting' of the avoidable delay and key attributable factors. We used descriptive analysis and regression frameworks to assess validity and examine variation in the frequency and nature of avoidable delays. Results: Among 14,259 patients, 24% were deemed to have had an avoidable delay to their diagnosis. Patients with a reported avoidable delay had a longer median diagnostic interval (92 days) than those without (30 days). Of all avoidable delays, 13% were deemed to have occurred pre-consultation, 49% within primary care, and 38% within secondary care. Avoidable delays were mostly attributed to the test request/performance phase (25%). Multimorbidity was associated with greater odds of avoidable delay (OR for 3+ vs no comorbidity: 1.43 (95% CI 1.25-1.63)), with heterogeneous associations with cancer site. Conclusion: We have shown that GP-identified instances of avoidable delay have construct validity. Whilst the causes of avoidable diagnostic delays are multi-factorial and occur in different settings and phases of the diagnostic process, their analysis can guide improvement initiatives and enable the examination of any prognostic implications.
Introduction
There is a growing body of evidence demonstrating the negative impact of delays in cancer diagnosis on disease severity [1] , choice of treatment [2] , prognosis (including mortality) [3] and patient experience [4] . Additionally, perceptions of the timeliness and accuracy of the diagnostic process are important for the general public and for policy makers [5, 6] . Missed diagnostic opportunities are deemed to have occurred when something different could have been done to make the correct diagnosis earlier [7] . These are estimated to affect 1 in 20 adults receiving outpatient care in the US [8] .
Patient, provider or health care system factors, or their combination, may be associated with prolonged intervals in cancer diagnosis [9, 10] , which have been associated with poorer outcomes [11] . However, in spite of epidemiological evidence about variation in diagnostic timeliness [12, 13] , there is relatively little appreciation of how often prolonged diagnostic intervals can be considered avoidable, and of related contributory factors [14] .
The English National Cancer Diagnosis Audit (NCDA) was carried out during 2016-17 to help clinicians to reflect on their individual practice, and to improve the understanding of the diagnostic process for patients subsequently diagnosed with cancer [15] . As part of the NCDA, participating physicians were asked to identify delays in diagnosis that in their view were avoidable and to categorise them using a previously derived taxonomy [16] . Against the above background, our aim was to generate evidence about how often there may be avoidable delays in the diagnosis of cancer, their type and context. To do so, we used GPrecorded audit data linked with population-based cancer registration data to examine the construct validity of GP-assessed avoidable delays in our data. 
Data
We used data from the English NCDA [15] . Primary care data on 17,042 malignant cancer cases diagnosed in 2014 (excluding nonmelanoma skin cancer [17] ) from 439 practices (∼5% of English general practices) were collected from September 2016 to February 2017 via a secure online portal. Each participating general practice was provided with the list of its patients diagnosed in 2014 according to the national cancer registry and asked to provide details on their diagnostic process. The patient cohort was representative of the national incident cohort (2014) considering age, sex and cancer site. Participating practices were similar to non-participating practices on a range of metrics including clinical quality scores and patient experience, although they were somewhat larger and had slightly fewer patients per GP. Cancers determined to have been screen-detected either by National Cancer Registration and Analysis Service (NCRAS) records [18] and verified by the GP (n = 1006) or where the GP indicated referral by screening (n = 231) were a priori deemed not relevant to this study and excluded from analysis.
The audit questionnaire required GPs to state whether or not in their opinion an avoidable delay had occurred and the nature of that delay (Box 1) [19] . GPs had access to coded and free text within the electronic health record of each patient to make this judgement. The outcomes of interest were avoidable delay status and the nature of the avoidable delay characterised across three dimensions: the setting; the phase in the diagnostic pathway; and to what or whom it could be attributed.
Construct validity
We hypothesised a priori that patients with avoidable delays would have had substantially longer interval values and greater frequency of multiple pre-referral consultations compared to those without. We described the primary care interval (days from first presentation of symptoms to referral), the diagnostic interval (days from presentation to diagnosis); and the number of pre-referral consultations by avoidable delay category. Based on the Caper studies conducted by Hamilton et al. [20] , we considered it very unlikely that cancers will be symptomatic earlier than 2 years pre-diagnosis, therefore interval values were restricted to 0-730 days [12] . Differences of interval length and number of consultations between the known groups were tested for statistical significance using Mann Whitney U or ANOVA.
Additionally, to understand the impact of avoidable delay on the diagnostic interval (outcome variable), and consistent with prior literature, we used quantile regression [21, 22] on all patients to estimate both crude and adjusted associations by avoidable delay status. Standard errors were bootstrapped with 200 replications to calculate the 95% confidence intervals.
Because prolonged intervals to diagnosis and avoidable delay are not identical constructs, we additionally hypothesised a priori that some patients with prolonged interval values would not have been deemed to have had an avoidable delay. We therefore examined interval length categories by estimating the proportion of patients who exceeded the 10 th , 25 th , median, 75 th and 90 th percentile of the primary care and diagnostic interval by avoidable delay status.
Factors associated with risk of avoidable delay
We used two different logistic regression models, one for estimating associations between avoidable delay status ('yes/no') and compositional factors (case-mix variables such as age, sex and cancer type, which are deemed to be beyond the GPs direct control); and another for estimating associations between avoidable delay status and contextual factors (deemed to in principle be under the GP's control), adjusting for the case-mix of compositional factors. We describe those as the 'Compositional' Model' and the 'Compositional / Contextual Model').
The factors included in the Compositional Model were: age at diagnosis (0-24, 25-49, 50-64, 65-74, 75-84, 85+); sex; quintile of income deprivation (based on the index of multiple deprivation (IMD) of the patient's lower super output area of residence); ethnicity (white, non-white, not known); number of comorbidities (0, 1, 2, 3+, not known; Appendix A for further details); and presenting symptoms (nonalarm, alarm, not applicable, not known; alarm defined as any of: breast lump, post-menopausal bleeding, haematuria, haemoptysis, rectal bleeding, change in bowel habit (including diarrhoea and constipation), dysphagia, jaundice, weight loss, or lesions suspicious of melanoma) [23] .
Additional variables included in the Compositional / Contextual Model were: use of primary care led investigation (no/not applicable, yes, not known); use of a safety netting (no, yes, not known); and referral type (2-week-wait (TWW), urgent -not for suspected cancer, routine, to private health care, emergency, other, not known). Safety netting denotes occurrences where the GP is uncertain about the diagnosis, and they have scheduled follow-up appointments or advice to the patient to seek an appointment if symptoms persist or evolve [24] . In England, when a primary care physician suspects the diagnosis of cancer, they can use a cancer-specific 'fast-track' referral (also known as TWW because referred patients have to be assessed at a specialist clinic within two weeks of referral from primary care).
Factors associated with the nature of avoidable delays
Lastly, among patients deemed to have experienced an avoidable delay (n = 3372), we examined associations between the patient casemix variables (i.e. socio-demographic characteristics and cancer site) and the risk of three different outcomes (in separate models): setting category, phase category and likely attributable factor category.
Box 1
Avoidable delay classification.
NCDA question:
Was there an avoidable delay to this patient reaching their diagnosis? (We defined delay as an unnecessary prolongation of the time to reach a diagnosis that has potentially adverse consequences on outcomes). If there were multiple delays, please provide details for the delay you consider had the greatest impact on the time to reach a diagnosis. For the three known settings of avoidable delay, we carried out three binary logistic regression models, examining the odds of a delay occurring in a specific setting versus the 'other' two settings. 'Not known' cases were excluded from the models to prevent the assumption that all missing data were in the 'other' settings category.
A similar approach was adopted for the seven phases of the diagnostic process that the avoidable delay occurred and six attributable factors. The models were adjusted as described for the Compositional Model only (i.e. fixed variables not under the control of the GP). Odds ratios (OR) and 95% confidence intervals are reported.
All analyses were carried out using R Studio v1.1453 and R v3.5.2.
Results

Construct validity
Among all analysed patients (n = 14,259), 3372 (24%) were deemed to have had an avoidable delay to their diagnosis (Appendix B). Being deemed to have had an avoidable delay substantially increased the median primary care interval from 2 to 22 days and the median diagnostic interval from 30 to 92 days. For patients who were reported to have had an avoidable delay, patients had a longer primary care interval if an avoidable delay had occurred in primary care (48 days) but not in pre-consultation (3 days) or secondary / tertiary care (8 days) . Similarly, there were longer diagnostic intervals where a delay occurred in primary care (98 days) or secondary / tertiary care (110 days) but not pre-consultation (27 days). Further, there was a significantly greater median number of consultations in patients who had an avoidable delay (median 2, mean 3.2) compared to those who did not (median 1, mean 1.6). A summary showing the numbers of cases available for analysis is shown in Appendix C.
Among patients with primary care interval values longer than the 75 th and 90 th percentiles, 44% and 57% of patients respectively had an avoidable delay, i.e. around half of the patients with prolonged intervals were not deemed to have had an avoidable delay. For context, due to the skewed distribution of intervals, 29% of patients with an avoidable delay had a primary care interval longer than both the 10 th and 25 th percentile value of 0 days. A similar pattern was apparent for the diagnostic interval (Appendix D).
After adjusting for case-mix variables for patients with a valid diagnostic interval (12, 862) , avoidable diagnostic delays were associated with an additional 57 days to the median diagnostic interval and an additional 167 days at the 90 th percentile ( Table 1) . Large though attenuated differences were also apparent after additional adjustments for contextual (i.e. beyond patient case-mix) variables, i.e. an additional 46 and 149 days at the median and 90 th percentiles (Appendix E).
Predictors of avoidable delays
Considering case-mix factors (beyond the control of clinical care providers) in 14,259 patients with a known avoidable delay status, the odds of an avoidable delay increased with increasing number of comorbidities (test for trend p < 0.001; 3+ comorbidities vs no comorbidity: OR 1.43; 95% CI 1.25-1.63, Table 2 ). There was large (nearly five-fold) variation in the odds of avoidable delay by cancer site (p < 0.001). Compared to lung cancer, patients with breast cancer had the lowest (OR 0.34; 95% CI 0.28 to 0.42) and patients with stomach cancer the greatest odds of an avoidable delay (OR 1.72; 95% CI 1.30-2.26).
Further adjustment by contextual factors (deemed under the control of clinical care providers) showed that decisions by the GP to order investigations (OR 1.93; 95% CI 1.75-2.13) or employ safety netting (OR 1.19; 95% CI 1.08-1.30) were associated with an avoidable delay (Appendix F). Patients with urgent, routine or emergency referrals had significantly increased odds of an avoidable delay compared to those with TWW referrals (OR values of 2.21, 3.97 and 1.65 respectively).
Table 1
Associations of the diagnostic interval with avoidable delay status by quantile regression in all NCDA patients with a valid diagnostic interval (n = 12,862). 
Nature of avoidable delay regarding setting, phase and attributable factor
Among 3273 patients with known location of avoidable delay, 13% were deemed to have occurred pre-consultation, 49% within primary care, and 38% within secondary care (Appendix G). Pre-consultation avoidable delays were more likely among breast cancer patients (OR vs lung cancer 3.55; 95% CI 2.23 to 5.68) ( Fig. 1 and Appendix G) . Primary care avoidable delays were more likely in patients with multiple myeloma (OR 2.04; 95% CI 1.14 to 3.76) and least likely in patients with breast, endometrial and renal cancer (OR 0.32, 0.40, 0.54 respectively). Secondary / tertiary care avoidable delays were more common in patients with prostate, colon, lymphoma, pancreatic, endometrial and renal cancers (OR range from 1.40 to 2.69).
Phase in diagnostic pathway
Nature of avoidable delay regarding setting, phase and attributable factor
Avoidable delays occurred at all phases of the diagnostic process and most commonly during test request / performance (25%, 827/ 3255). In patients living in areas of higher deprivation, there were higher odds of a delay in the help-seeking phase (OR quintile 5 vs 1: 1.66; 95% CI 1.18-2.35) (Appendix H). Patients with breast cancer had higher odds of an avoidable delay in the help-seeking, appointment and referral phases of the pathway (OR 3.17, 4.62 and 1.97 respectively) and lower odds in the clinical appraisal, test request/performance and test result/reporting (OR 0.46, 0.20 and 0.45 respectively), compared to lung cancer patients.
Attributable factor
Nature of avoidable delay regarding setting, phase and attributable factor
Avoidable delays were attributed to the primary or secondary care clinician, secondary care system or the patient in approximately equal percentages (28%, 27%, and 26% respectively; Appendix I). Most of avoidable delays pre-consultation were due to delayed help-seeking (74%, 306/414; Table 3 ). Avoidable delays in primary and secondary care settings had multifactorial reasons and were most commonly attributed to clinicians if occurring in a primary care setting (49%, 781/ 1608) or secondary healthcare system factors if occurring in secondary care setting (63%, 786/1251). Almost all the avoidable delays attributable to clinicians were located in primary care (87%, 781/900).
Increased odds of an avoidable delay attributable to the patient were seen for patients aged 85+ (OR 1.59; 95% CI 1.20-2.11), nonwhite patients (OR 1.63; 95% CI 1.13-2.32), the most deprived IMD quintile (OR 1.39; 95% CI 1.06-1.82) (n = 3215) (Appendix I).
Discussion
Main findings
We demonstrate that GP-assessed avoidable delays have construct validity, occur in a substantial proportion of patients (about a quarter), and are associated with an increase of the median diagnostic interval by two months. Greater number of comorbidities, certain cancer sites (pancreatic, colon, rectal, and stomach cancer), and management other than through 'suspected cancer' TWW referral were associated with greater risk of avoidable delay. Avoidable delays occurred along the diagnostic process and with similar frequency in primary and specialist care, though they were predominantly attributed to the clinician in the former setting and to the healthcare system in the latter. Most frequently, they occurred during the test request / performance phase of the diagnostic process, and in the context of primary care led investigations. More deprived patients were at greater risk of avoidable delay due to delayed help-seeking and at lower risk due to the test request/performance phase of the pathway. About half of patients who experienced a prolonged primary care or diagnostic interval were not deemed by the GP to have had an avoidable delay.
Comparison with existing literature
In general it is difficult to measure safety incidents relating to diagnostic accuracy and timeliness [25] and a range of approaches and definitions has been employed [26] . Our taxonomy was derived iteratively from analysis of free text comments by participants in the National Audit of Cancer Diagnosis in Primary Care [27] . More recently the Institute of Medicine has defined diagnostic error as 'the failure to (a) establish an accurate and timely explanation of the patient's health problem(s) or (b) communicate that explanation to the patient' [12] . We used retrospective record review by GPs to identify avoidable delays, an approach that has been utilised elsewhere [28, 29] . Others have identified diagnostic safety incidents using routinely coded data: this approach, however, is predicated on the ability to operationally define such events and is therefore limited to a small range of pre-defined scenarios (e.g. failure to follow-up an abnormal laboratory test) [30] . Using complaints or medico-legal cases to identify avoidable delays or diagnostic errors has merit but lacks a denominator group to help understand patient groups at greater risk [7, 31] .
On average, patients with an avoidable delay experienced diagnostic intervals prolonged by two months, a finding comparable to a Danish study, reporting 1228 GP-reported (diagnostic) 'quality deviations' in 4034 patients and a prolongation of 41 days among patients with a 'quality deviation' [32] . Further, the distribution of odds of avoidable delay across cancer sites was broadly similar [32] and to the spectrum of diagnostic difficulty that we have previously described [33] . The odds of an avoidable delay were significantly higher for patients with comorbidities and varied by cancer site. We have previously reported that 76% of patients in the NCDA had at least one comorbidity and a fifth had 3 or more [15] . Multi-morbidity is associated with greater risk of urgent or emergency presentation of cancer [34, 35] , a lesser degree of care continuity [36] and has been previously identified as causing delay [37] .
Strengths and limitations
This study included 3372 patients with avoidable delays which is considerably larger than any comparable studies of diagnostic error to date. The study population is representative of incident cancer cases and the characteristics of participating practices are similar to nonparticipating ones [15] . It is likely therefore that the results can be generalised to the wider population. The study period (2014) precedes the publication of the 2015 NICE guidance for recognition and referral of patients with suspected cancer [38] which is likely to have led to secular changes in clinical practice. Recent cancer policy is also changing the availability and use of diagnostic services [39] . Our findings provide a historical picture of clinical practice and identify areas for quality improvement; continuous monitoring of avoidable delays in future waves of audit of cancer diagnosis in primary care will be useful. The elapse of 2 years between diagnosis and audit would mean that on the one hand our data are likely to have a consistent basis; on the other, the recall of unrecorded contextual issues may be missing. Additional information from patients and secondary care physicians would give further insights into avoidable delays, however, this was out of the scope of the NCDA project.
Avoidable delay as assessed by the GP contains a degree of subjectivity as they may be more likely to report avoidable delay in primary care, the phase in the diagnostic process more 'visible' to them. However, they may also be more willing to report avoidable delay occurring in secondary care or pre-presentation. We used GP-reported data; these can be considered the 'gold standard' method for eliciting GP perceptions of avoidable diagnostic delay, but those accounts might differ from the patients' own perceptions of avoidable delay. A prior study from Denmark examined the degree of agreement between patients and GPs regarding 'quality deviations' in the diagnostic process (a concept similar to that of avoidable diagnostic delays used in our study) and found that in spite of poor concordance between the two sources, GP-reported 'quality deviations' had good construct validity against observed prolonged interval length [40] . Relatedly, prior evidence examining agreement between patient-and GP-reported diagnostic intervals (i.e. not considering whether delays were avoidable or not) also indicates at best moderate only agreement [41, 42] . It is not possible to 'arbitrate' as to whether doctors or patients report the length of the diagnostic intervals, and avoidable delays, more accurately than the other; rather it is likely that both, correctly, interpret and report on different aspects of the diagnostic process [40] . Fig. 1 . Graph showing the proportion of patients who had an avoidable delay by setting for cancer sites which had a significantly different odds ratio to lung cancer. There are 3 main observations / patterns. First, in patients subsequently diagnosed with multiple myeloma and lung, when avoidable delays are deemed to have occurred, they are more likely to have occurred in primary care. Second, in general avoidable delays during the pre-consultation (patient) phase are rare, except in women subsequently diagnosed with breast and endometrial cancer. Third, in all other cancers substantial proportions of delays in both primary and post-primary care are observed, with a degree of variability in the postprimary care component in particular. The error bars show the 95% confidence intervals.
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We were not able to consider the consequences of avoidable delay beyond their impact on diagnostic timeliness outcomes. Few studies have identified the harms that may result from diagnostic error, though one study has estimated that one half of such errors could be potentially harmful [8] .
Interpretation of findings
Because diagnostic delays increase the risk of adverse patient outcomes, understanding their nature and frequency is essential for quality improvement initiatives [43] .
Routine self-assessment of these delays by GPs through the ongoing NCDA, or other tools, would allow them to be recognised and consequent action to be pursued. The multifaceted nature of avoidable delay demonstrated here suggests that multiple approaches should be taken to reduce the number of avoidable delays to diagnosis. The 'Safer Dx Framework' [26] recognises this complexity and provides a model within which quality improvement can occur. For patients with comorbidities, the underlying causes of avoidable delays need to be better understood and remedied, recognising that the goals and treatment preferences of these patients may differ from those without comorbidities [44] . Avoidable delays attributed to patient factors occurring after presentation may benefit from improved safety netting or communication to patients, and again the exact mechanism should be further studied.
Avoidable delays specifically attributable to diagnostic testing in primary care are likely to reflect the alacrity with which those tests are scheduled and reported by test providers (usually located in secondary care). System processes in secondary care should be readily amenable to quality improvement using transformational change techniques such as 'Lean production' [45, 46] . However, delays in scheduling patient review in primary care once investigations have been completed cannot be discounted and in the UK the Royal College of General Practitioners has a major programme to support practices in Quality Improvement initiatives [47] . Table 3 Cross tabulation of the number of avoidable delays by phase in the diagnostic pathway that the delay occurred and the attributable factor, for each setting of the avoidable delay, for patients who had a GP-assessed avoidable delay (n = 3372). 
Conclusion
Avoidable delays occur in about a quarter of cancer diagnoses and where they do occur, the median diagnostic interval is increased by approximately two months. GP-identified instances of avoidable delay have construct validity with regard to diagnostic timeliness, suggesting that it represents a useful tool for guiding quality improvements, over and above the measurement of diagnostic interval without characterising whether delays were avoidable. The patient characteristics and aspects of the diagnostic process that are most likely to be associated with these instances are also described. Whilst the causes of diagnostic delays in cancer are multifactorial and occur in different health care settings and phases of the diagnostic process, their analysis can inform targeted quality improvement initiatives and enable future epidemiological research examining their prognostic implications.
